Titanium dioxide thin films were prepared using two types of magnetron sputtering processes: conventional and with modulated plasma. The films were deposited on SiO 2 and Si substrates. X-ray diffraction measurements of prepared coatings revealed that the films prepared using both methods were nanocrystalline. However, the coatings deposited using conventional magnetron sputtering had anatase structure, while application of sputtering with modulated plasma made possible to obtain films with rutile phase. Investigations performed with the aid of scanning electron microscope showed significant difference in the surface morphology as well as the microstructure at the thin film cross-sections. The mechanical properties of the obtained coatings were determined on the basis of nanoindentation and abrasion resistance tests. The hardness was much higher for the films with the rutile structure, while the scratch resistance was similar in both cases. Optical properties were evaluated on the basis of transmittance measurements and showed that both coatings were well transparent in a visible wavelength range. Refractive index and extinction coefficient were higher for TiO 2 with rutile structure.
Introduction
Determination of various properties of oxide materials and their possible application in optical coatings is nowadays a significant area of research. The most important properties of optical coatings are high transparency, low absorption and appropriate index of refraction. Knowledge of these parameters enables designing of different types of optical coatings, such as antireflective, dielectric mirrors, filters, and so forth. Besides the optical function, another role of coatings is substrate protection from various external hazards. One of the most often applied protective coatings are the wear resistant or so called hard coatings used for protection of different tools. For this aim the coating should * E-mail: michal.mazur@pwr.edu.pl be characterized by increased mechanical performance from which the most important are the hardness, resistance to scratch damage and proper elasticity. Although many reports about different hard coatings can be found in the subject literature, rare examples are devoted to oxides designated to optical coatings. Moreover, new applications and demands of the customers caused increasing interest for coatings that besides their primary role could also combine additional functionality. Such coatings could be widely used in many fields of science and technology. This concerns the functional optical coatings having additional properties, e.g. increased hardness or resistance to abrasion.
Increased hardness of the material is strongly correlated to density of thin film. The hardness is, therefore, dependent not only on the material type but also on its crystalline structure and crystallites size. Optical coatings are usually prepared by application of physical vapor deposition methods, such as evaporation or sputtering. The density of a thin film prepared in such processes depends on the energy of particles reaching the substrates at the place of thin film formation. For example, the energy of particles during thermal evaporation processes is as low as 0.1 eV. That causes that prepared thin films are of poor quality with porous-void structure of low density, therefore, poor mechanical properties. For the sake of densification of the thin film, i.e. to receive nanocrystalline structure, usually the energy of particles condensing at the substrate over 100 eV is required [1] . There are several ways for increasing the total energy in vacuum deposition processes. The simplest one is introduction of additional substrate heating, while another is an application of substrate electrical bias that allows attraction of charged ions with increased kinetic energy to the substrate. Another way is decreasing the vacuum pressure what in turn decreases number of collisions of material particles being deposited with residual gases. One of the most effective methods for increasing the condensation energy and assist the thin film densification is application of additional ion source. Usually, heavy neutral ions, such as Ar + , are applied and their high kinetic energy is transferred by striking the particles evaporated from the source and by impinging the substrate. However, too high energy causes that neutral ions might be implanted into the growing thin film that results in the increase of structural defects or even re-sputtering effect can occur. Therefore, the energy of assisted ions, which is also dependent on the kind of the material being deposited, should be selected with care [1] . In the recent years, particularly important have been high energy methods. These include high energy magnetron sputtering methods, e.g. HPPMS (High Power Pulse Magnetron Sputtering) and HERMS method (High Energy Reactive Magnetron Sputtering) [2] [3] [4] [5] [6] .
Modification of the deposition process parameters enables also forming different crystal structures of the films, which has an effect on the crystallites size. Due to the specifically selected parameters of the manufacturing process it is possible to obtain materials with nanocrystalline structure [7] [8] [9] . The hardness of the thin films is usually many times smaller than that of the bulk. However, it was found that for thin films with dense structure the hardness is higher, and for nanomaterials it is possible to achieve the hardness even greater as compared to the bulk [10] . This is because the hardness of the material increases when the grain size decreases with the maximum in the nanometer range (Hall-Petch effect) [10] . Results of the research presented in the subject literature show that oxide materials, which are composed from crystallites of single nanometers in size, exhibit completely different properties than the bulk material of the same chemical composition. One of the materials, characterized by high transparency, wide band gap and high electrical resistivity at room temperature is titanium dioxide. Moreover, TiO 2 is non-toxic and exhibits good chemical, thermal and mechanical stability. In view of its properties, TiO 2 based thin films have wide range of applications. Anatase and rutile phases of tetragonal structure are the most important polymorphs of TiO 2 [11] . Titania thin films can be prepared by various physical vapor deposition techniques, e.g. evaporation [12, 13] , reactive radiofrequency magnetron sputtering [14] [15] [16] [17] , reactive pulse magnetron sputtering [18] , high power impulse magnetron sputtering [19, 20] , arc deposition [21] or laser deposition [22] . In the literature several reports can be found regarding the hardness of titanium dioxide thin films. Depending on the preparation method of undoped TiO 2 its hardness is in the range from 2 to 13 GPa [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] .
The following study reveals the influence of various magnetron sputtering processes on microstructure, optical and mechanical properties of titanium dioxide thin films.
Experimental
For the deposition of thin films an own invented multitarget apparatus for magnetron sputtering with an innovative system of targets power control has been applied. The control system of this apparatus is protected by the patent application [33] . Each magnetron is independently powered by its individual supplier (DORA Power Systems), controlled by a microprocessor controller, which in turn, is controlled by a computer equipped with an adequate software. Thanks to that, the distribution of the power supplied to each magnetron and their sputtering time can be precisely controlled. The sputtering workstation is equipped with a standard vacuum chamber, pump system (diffusion and rotary pumps), four magnetrons, a stage with possibility of motion in the XYZ directions, Pfeiffer vacuum gauges and a gas flow control system that involves MKS mass-flow controllers.
Two sets of titanium dioxide thin films were deposited using a conventional and a so-called "magnetron sputtering with modulated plasma" system. In the conventional process the continuous flow of oxygen was preserved at 40 sccm. Oxygen was used both as working and reactive gas. During the sputtering process the pressure in the vacuum chamber was kept at ca. 2 Pa. The time of thin film deposition was equal to 120 min. In the process with modulated plasma, oxygen was both used as a working and reactive gas. The time of sputtering was twice as long as in case of conventional process. Moreover, the pressure during deposition was significantly lower and equal to ca. 0.2 Pa. The innovation of this process was introduction of oxygen into the vacuum chamber in short (few tens of miliseconds) pulses, controlled by the special gas injection system.
The surface morphology and cross-section of thin films were investigated with the aid of FE-SEM FEI Nova NanoSEM 230 scanning electron microscope (SEM) with the resolution of 1 nm and possibility of working in low vacuum.
Structural properties of TiO 2 thin films were determined based on the results of the X-ray diffraction (XRD) method. For the measurements, Siemens 5005 powder diffractometer with CoKα X-ray (λ = 1.78897Å) was used. The correction for the broadening of the XRD instrument was taken into account and the crystallite sizes were calculated using Scherrer's equation [34] .
The nanoindentation technique was used to determine hardness of prepared thin films. Hardness was assessed from the experimental loaddisplacement curves obtained from an indentation experiment using Oliver and Pharr method [35, 36] . Measurements of mechanical properties of prepared coating were performed with a CSM Instruments nanoindenter equipped with a diamond Vickers indenter. In case of analysis of mechanical properties of thin films using nanoindentation technique it is important to recognize the influence of the substrate on the measurement results. The "10 % principle" [37] is commonly used to minimize the substrate impact: the nanoindentation depth should be less than 10 % of the measured layer thickness. However, this principle cannot be applied for a thin film, whose thickness is often lower than 600 nm, as it would require less than 60 nm nanoindentation depth. The measurements at a depth less than 80 nm are characterized by significant errors caused by inaccuracy of determining the area of indentation. Therefore, it is necessary to apply methods of analysis, interpretation and approximation of the results in order to obtain real values of mechanical properties of thin films. Measured hardness of the thin films deposited on substrate can be expressed as a powerlow function of the substrate and the thin film hardness, the depth of nanoindentation and the thickness of thin film [38] :
where H s -hardness of substrate, H f -hardness of thin film, M -dimensionless spatial function defined by [38] :
where A, B -adjustable coefficients, h -maximum intender displacement, d -thickness of thin film. Equation 1 must fulfil essential boundary conditions: when indentation depth approaches to zero (small indentation displacements), the measured hardness tends to thin film hardness, whereas when indentation depth approaches the thin film thickness, the measured hardness tends to the value of substrate hardness. Nanoindentation measurements were analyzed using the finite element method (FEM) [39] [40] [41] .
Abrasion resistance of the deposited thin films was investigated using the Summers Optical's Lens Coating Hardness Test Kit. For the purpose of scratch resistance examination, steel wool test was carried out, which consisted of rubbing the surface of TiO 2 coatings with a 0 grade steel wool pad using a load of 1.0 N. The steel wool pad was pressed to the surface of the coating at a selected force and was caused to move across the surface for 75 cycles. Surfaces were examined for scratch resistance by optical microscope and profilometer.
Optical properties were evaluated on the basis of transmittance measurements. The experimental system consisted of an Ocean Optics QE 65000 spectrophotometer and a coupled deuterium-halogen light source. Based on experimental results, such parameters as cut-off wavelength, real and imaginary parts of refractive index were determined. The analysis was performed using FTG FilmStar software.
Results
Results of SEM investigations revealed that the thin films prepared by conventional magnetron sputtering process were smooth and their surface consisted of visible grains (Fig. 1a) . The crosssection image showed fibrous-columnar structure with elongated crystallites. However, SEM investigations of TiO 2 deposited by sputtering with modulated plasma showed that the thin film surface was not as homogenous as for the coating prepared by conventional method. Some islands were visible on the surface and according to the cross-section image they had pyramidal shape (Fig. 1b) . Based on the cross-section image the densely packed columnar structure with fine grains can be noticed. XRD measurement results (Fig. 2) showed that titania thin films deposited by the conventional magnetron sputtering process had nannocrystalline anatase phase consisted of (1 0 1) and (2 0 0) planes with crystallites size of ca. 26 nm. The diffraction peaks were intense, indicating that these coatings were well crystallized. Taking into consideration the cross-section SEM image (Fig. 1a) one can conclude that these thin films had pseudo-columnar fibrous microstructure.
In case of TiO 2 thin films deposited by magnetron sputtering with modulated plasma, the characteristic XRD pattern for the (1 1 0) and (1 0 1) rutile crystallographic planes was obtained. However, the pattern was broadened, had very low intensity and, taking into consideration that signal-tonoise ratio (S/N) was rather poor, the determination of crystallites dimensions could be miscalculated. Therefore, at the sensitivity level of XRD method it can be assumed that these coatings were nanocrystalline and consisted of very small rutile crystallites of ca. can also indicate that large amount of amorphous phase occurred in these coatings. TiO 2 thin films were deposited on amorphous SiO 2 , whose hardness was equal to 10 GPa according to the nanoindentation measurements. The load-depth curves of prepared thin films for the 10 mN indentation force are shown in Fig. 3 . The lower indentation depth obtained for the sample deposited by magnetron sputtering with modulated plasma process indicates that this thin film has higher hardness than the one deposited in a conventional process. Titania with anatase structure consisting of elongated crystallites in the pseudo-columnar fibrous structure exhibited much lower hardness as-compared to the TiO 2 films with densely packed, fine crystalline rutile structure. Thin films of rutile structure deposited by plasma modulated magnetron sputtering had the hardness equal to ca. 16.1 GPa (Fig. 4a) , which was 3.3-times higher value than for titania with anatase structure obtained by conventional sputtering (Fig. 4b) . Tribological properties of deposited titania thin films were determined using steel wool test with selected applied load of 1.0 N. Optical microscopy observations of TiO 2 -anatase thin films showed that the surface contained a lot of slightly visible scratches (Fig. 5a ). On the other hand, the surface of TiO 2 -rutile layers had only several, but visible scratches. The depth of the scratches was determined using Taylor Hobson profilometer (Fig. 5b) . The three dimensional images of the thin films surface after these tests are also presented in Fig. 5 . Similarly as in case of optical microscopy measurements, the profilometry investigations revealed that titania with anatase phase had a lot of scratches at the surface, however, they were shallow. Moreover, the investigation of TiO 2 -rutile coating was confirmed by the measurements performed with an optical microscope and showed that its surface contained only several scratches. The depth of the scratches in both cases was equal to ca. 10 to 12 nm and these results indicated that they had good adhesion to the substrate and were scratch-resistant.
The transmission spectra of deposited titania thin films are shown in Fig. 6 . The transmittance of the coating prepared by conventional magnetron sputtering was higher than for the ones deposited with modulated plasma. In both cases the transparency was high and equal to ca. 75 to 85 %. Although the microstructure of both thin films was completely different, only the slight shift of the fundamental absorption edge was noticed and was equal to 338 nm and 344 nm for anatase and rutile coatings, respectively. The presented spectra are the wavelength dependent transmission characteristics in which the interference effects result in visible minima and maxima. The amplitude between these minima and maxima is dependent mostly on the refractive index value, whereas their position vs. the wavelength depends on the thickness of the film. This implies that the anatase coating was much thicker and had significantly lower refractive index than the rutile thin film. Based on transmittance measurements the analysis of refractive index (n), extinction coefficient (k) and thickness was performed with the aid of FTG FilmStar software using the generalized Cauchy model for materials with k value higher than 0. The results are shown in Fig. 7 , respectively. As it was assumed, the value of real part of refractive index was higher for the coating deposited by sputtering with modulated plasma and was equal to 2.35 at λ = 550 nm, while for the thin film prepared by conventional sputtering it was 2.13 at the same wavelength. Also the extinction coefficient of the thin film with rutile phase was higher than that for anatase, which could testify higher absorption of this layer. The thickness of the deposited thin films was ca. 650 nm for anatase and 290 nm for rutile. These results were also confirmed by investigations performed with the aid of an optical profilometer. The comparison of various properties of titanium dioxide deposited by conventional and magnetron sputtering with modulated plasma is shown in Table 1 . Although the time of sputtering was two times shorter for the conventional sputtering, the thin film thickness obtained from this process was more than two times higher. This thin film had anatase structure, unlike titania deposited by sputtering with modulated plasma. Also the crystallites size of anatase was much bigger as-compared to the rutile. Additionally, deposition of the rutile coating directly during sputtering process favorably influenced the hardness of this thin film.
Summary
Investigations of structural properties have shown that TiO 2 coatings deposited by conventional magnetron sputtering had anatase structure, while thin films prepared by the process with modulated plasma had rutile phase. The crystallites size were equal to 26 nm and 3 nm for the films with anatase and rutile structure, respectively. SEM measurements revealed that the anatase films had fibrous-columnar structure with elongated crystallites, while the rutile ones had densely packed fine columnar structure.
Titanium dioxide thin films deposited by the innovative magnetron sputtering process with modulated plasma had 3.3-times higher hardness as compared to the coating prepared by conventional process. Both thin film coatings were considered as scratch resistant.
The transparency of both TiO 2 thin films was similar, while higher refractive index and extinction coefficient were obtained for coatings deposited in the process with modulated plasma. Higher value of refractive index of thin film deposited with modulated plasma were confirmed by higher density of this coating. That could be also the reason that the layer with rutile had higher hardness as compared to that with the anatase.
The obtained thin film coatings with improved hardness, scratch resistance and high transparency could be used in various industry fields. The properties would be beneficial in case of long-term performance of the optical devices. Nanocrystalline rutile titania of precisely specified thickness could be used, e.g. as a high index layer in the construction of antireflective coatings.
The presented results show that there is a huge influence of the type of magnetron sputtering process on the structure and hardness of TiO 2 thin films. In case of the processes it is advisable to use plasma modulation in magnetron sputtering to obtain optical coatings with increased hardness.
